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Lactate and pyruvate metabolism in isolated renal tubule of
normal dogs. The kinetics of lactate and pyruvate (I and 5 mm in
each case) metabolism was studied in isolated dog renal tubules.
Utilization of these two substrates and the production of glucose,
pyruvate, or lactate, and alanine were determined. The rates of
lactate and pyruvate utilization and of glucose production were
constant during 60 mm of incubation, Glucose production from
pyruvate was less than that from lactate. Addition of albumin to
the incubation medium greatly inhibited lactate and pyruvate uti-
lization at both substrate concentrations. It stimulated, however,
glucose production from I mm,, but not 5 m, lactate or pyru-
vate. These effects were found to be due to the presence of fatty
acids in the albumin solution used. In the absence of fatty acids,
glucose production represented 35 to 40% of lactate uptake, but
represented less than 20% of pyruvate uptake. Fatty acids
markedly enhanced the percentage of transformation of lactate
and pyruvate into glucose, and that of pyruvate into lactate. Ala-
nine represented 20% or less of lactate and pyruvate uptake.
These results suggest that fatty acids have a regulatory influence
on lactate and pyruvate dog kidney metabolism.
Métabolisme du lactate et du pyruvate par les tubes rénaux
isolés de chiens normaux. Les cinétiques des métabolismes du
lactate et du pyruvate (1 et 5 mri dans chaque cas) ont été étu-
diées dans une preparation de tubes isolés de reins de chiens.
L'utilisation de ces deux substrats et Ia production de glucose,
pyruvate, lactate et alanine ont ete déterminées. Les debits
d'utilisation du lactate et de production de glucose ont éte con-
stants pendant les 60 mm d'incubation. La production de glucose
a partir du pyruvate est moindre qu'à partir du lactate.
L'addition d'albumine au milieu d'incubation inhibe consid-
érablement l'utilisation du lactate et du pyruvate aux deux con-
centrations de substrat. Cet effet est lie a Ia presence d'acides
gras dans Ia solution d'albumine. En l'absence d'acides gras Ia
production de glucose represente 35 a 40% de Ia captation de
lactate mais moms de 20% de Ia captation de pyruvate. Les acid-
es gras augmentent Ic pourcentage de transformation du lactate
et du pyruvate en glucose et du pyruvate en lactate. L'alanine
represente 20% ou moms de Ia captation de lactate et de pyru-
vate. Ces rCsultats suggCrent que les acides gras ont une influ-
ence rCgulatrice sur Ic métabolisme du lactate et du pyruvate par
Ic rein de chien.
Lactate is a well-known physiologic substrate in
the dog kidney; lactate uptake has been demon-
strated in the intact functional dog kidney [1-3]. In
contrast, in vivo dog kidney neither utilizes nor pro-
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duces pyruvate in net amounts at physiologic en-
dogenous blood levels [1, 4]. When pyruvate blood
concentrations are raised by i.v. infusion, however,
pyruvate is taken up by the dog kidney [1]. Lactate
is utilized by renal cortical slices from normal [5]
and acidotic dogs (unpublished data of the authors).
In dog renal cortical slices, lactate not only con-
tributes to the production of glucose [5, 6] and
amino acids [5], but it also contributes to the pro-
duction of carbon dioxide [5]. The latter suggests
that lactate supplies energy for renal reabsorption.
Although in vivo dog kidney has been shown to pro-
duce both glucose and carbon dioxide from lactate
[3], little is known about the in vitro metabolism of
pyruvate by dog kidney tissue. A study of glucose
synthesis from pyruvate by dog kidney cortex,
however, has been reported [6].
Although isolated dog kidney tubules are useful
in metabolic studies [7], their metabolism of lactate
and pyruvate has not yet been studied. We felt this
to be of special interest since the metabolism of a
given substrate may differ when examined in whole
renal cortex slices or in isolated tubules, as shown
in the rat [8].
The present study was undertaken, therefore, to
acquire information on lactate and pyruvate metab-
olism in isolated dog cortex tubules. Since bovine
serum albumin is considered useful in studies of iso-
lated liver cell metabolism [9], we wanted to learn
whether or not albumin is useful for similar studies
using isolated dog kidney tubules. We also wanted
to learn the metabolic fate of lactate and pyruvate.
For this, substrate uptake and the production of glu-
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cose, pyruvate or lactate, and alanine were deter-
mined.
Methods
Dogs. We performed 44 experiments using 44
adult mongrel dogs, of either sex, weighing 14 to 25
kg. The dogs were fasted overnight but had free ac-
cess to water.
Preparation of isolated tubules. The tubule isola-
tion technique was adopted from that of Guder et al
[10] and modified. After the dogs were anesthesized
with i.v. sodium penthiobarbital (25 mg/kg of body
wt), the left kidney was excised through a midline
abdominal incision and placed in ice-cold isotonic
saline. After the capsule was removed, the cooled
kidney was longitudinally hemisected. Medullary
tissue, as well as the tissue forming the corticomed-
ullary junction, was discarded. Slices, prepared
from 2 to 4 g of cortex, were placed in a 250-mi Er-
lenmeyer flask containing 10 ml of Krebs-Henseleit
medium (pH, 7.4) [11], 10 mg of coilagenase (grade
2), and 30 mg of hyaluronidase. The flask was then
incubated for 45 mm at 37° C with 95% oxygen and
5% carbon dioxide as gas phase in a water-bath
which oscillated at 70 cycles/mm. After the homog-
enate was filtered through an ordinary tea sieve, the
tubules were collected by centrifugation at x 80g for
30 sec at 4° C. They were then washed twice by re-
suspension in Krebs-Henseleit medium and centri-
fuged at x 80g for 30 sec. The final pellet was resus-
pended in Krebs-Henseleit medium, which yielded
a concentration of 4 to 8 mg of tubules (dry weight)
per milliliter. Metabolically viable tubular fragments
were thus obtained. The entire procedure took 80 to
90 mm from the time the kidney was removed until
the tubules were placed in the incubation flasks.
Incubation procedures. Tubules were incubated
at 37° C in Krebs-Henseleit medium (pH, 7.4), in
25-mi Erlenmeyer flasks, with a mixture of 95% ox-
ygen and 5% carbon dioxide as gas phase. One mu-
liliter of the tubule suspension was added to each
flask in all experiments. The tubules were incubated
with lactate (1 and 5 mM) or pyruvate (1 and 5 mM),
in the absence or in the. presence of 2.5% (wtJvol-
ume) of dialyzed bovine serum albumin (fraction
V), or 2.5% (wt/volume) of defatted" and dialyzed
bovine serum albumin, or 0.5 mM oleate bound to
2.5% (wtlvolume) of "defatted" and dialyzed bo-
vine serum albumin. Bovine serum albumin was
dialyzed according to the procedure of Krebs et a!
[9]. "Defatted" bovine serum albumin was pre-
pared by Chen's method [121. Final incubation vol-
ume was 4 ml when the substrate concentration was
1 mM, and it was 2 ml when the substrate concentra-
tion was 5 m. We ascertained that reduction of the
incubation volume from 4 ml to 2 ml did not affect
the results obtained with 5 m lactate (N = 4) and S
mM pyruvate (N = 3); the only difference observed
was that pyruvate production from 5 m lactate
was two times higher with 4 ml of medium than it
was with 2 ml of medium. Incubations were termi-
nated by adding percbloric acid (2%, final concen-
tration) to each flask. In all experiments, zero-time
flasks were prepared with substrate. For this,
perchioric acid was added to the flasks before add-
ing the tubules, to obtain instant deproteinization.
Media were centrifuged for 10 mm at x4,000g in a
refrigerated centrifuge. The supernatant obtained
was neutralized with 20% of potassium hydroxide
and was used for metabolite determinations.
Analytical methods. In all experiments, glucose,
lactate, pyruvate, alanine, and aspartate were spec-
trophotometrically assessed by enzymatic methods.
In some experiments, citrate, alpha-ketoglutarate,
fumarate, malate, and glutamate were also mea-
sured. Glucose was measured by the hexokinase
technique [13], lactate by the method of Gutmann
and Wahiefeld [14], pyruvate by the method of
Czok and Lamprecht [15], alanine by the method of
Williamson [161, aspartate by the method of Berg-
meyer et al [17], citrate by the method of Dagley
[18], alpha-ketoglutarate by the method of Berg-
meyer and Bernt [19], malate by the method of
Gutmann and Wahlefeld [20], and glutamate by the
method of Cornell, Lund, and Krebs [211. Fumarate
was determined, as was malate, by addition of
fumarase after prior removal of malate with malate
dehydrogenase. In view of the lability of pyruvate,
we ascertained that, in the absence of tubules, no
pyruvate disappeared during a 60-mm incubation
period.
In each experiment, the dry weight of the amount
of tubules added to the flasks was determined in
quadruplicate. For this, 1 ml of the tubules in sus-
pension was placed in a preweighed glass beaker
and dried in an air oven at 100° C. After cooling in a
desiccator, the beaker was reweighed, and the
weight of tubules was corrected for the electrolytes
contained in I ml of Krebs-Henseleit medium, For
comparison with published results obtained with
dog renal cortical slices, the dry weight of cortical
tissue was also determined in each experiment by
drying pieces of cortex at 100° C to constant weight.
The fresh-weight-to-dry-weight ratio for the cortex
averaged 4.67 (34 observations). Thus, tubule dry
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weights were multiplied by 4.67 to convert to wet
weights.
Calculations. Net substrate utilization and prod-
uct formation were calculated as the difference be-
tween the total flask contents (tissue plus medium)
at the start (zero-time flasks) and after the period of
incubation. The metabolic rates are expressed in
micromoles of substance taken up or produced per
gram of dry weight of tubules per time. They are
reported as mean SEM. The results were analyzed
by the Student's t test for paired data, comparing,
on the one hand, values obtained in the absence
with those obtained in the presence of dialyzed al-
bumin, and, on the other hand, values obtained in
the presence of "defatted" albumin with those ob-
tained in the presence of oleate bound to 'de-
fatted" albumin.
The metabolic fate of lactate and pyruvate was
established by measuring the production of glucose,
alanine, pyruvate, and lactate. In these calcu-
lations, it is understood that the formation of one
molecule of glucose requires two molecules of lac-
tate and pyruvate. It is also assumed that one mole-
cule of alanine is derived from one molecule of
pyruvate. The lactate (or pyruvate) "unaccounted
for" was calculated by subtracting from lactate (or
pyruvate) uptake the sum of glucose (in lactate or
pyruvate equivalents), pyruvate (or lactate), and
alanine.
Chemicals. Bovine serum albumin was pur-
chased from the Sigma Chemical Co. (St Louis,
Mo., U.S.A.), and oleate was bought from Math-
eson, Coleman, and Bell (Nordwood, Ohio,
U.S.A.). L-Lactate, pyruvate, coenzymes, and en-
zymes were purchased from Boehringer Mannheim
GmbH (Mannheim, Germany). Other chemicals
were of analytical grade.
Abbreviations. Dialyzed albumin, and "de-
fatted" and dialyzed albumin are referred to as al-
bumin and "defatted" albumin, respectively; oleate
bound to "defatted" and dialyzed albumin is re-
ferred to as oleate.
Results
Fig. 1 shows the effects of albumin on the time
sequence of lactate metabolism in isolated dog renal
tubules. When incubated with only 1 and 5 mr't lac-
tate, the tubules utilized lactate and synthesized
glucose linearly over a 60-mm period. Pyruvate re-
lease peaked at 15 mm with both I and 5 mri lactate.
The rate of alanine production decreased after 15
mm of incubation with both lactate concentrations.
With 1 mri lactate as substrate, alanine reutilization
was observed after 45 mm. Lactate utilization and
production of glucose, pyruvate, and alanine in-
creased when lactate concentration in the medium
was raised.
Addition of albumin to the incubation medium
caused a statistically significant inhibition of lactate
uptake, except after 15 mm with 5 mt lactate. Glu-
cose production was significantly enhanced with 1
mM, but not 5 mt, lactate. When compared to the
control condition (no albumin), pyruvate release
was significantly increased after 30, 45, and 60, but
not 15 mm, and the reutilization of pyruvate was
delayed. Although addition of albumin caused an
apparent increase in alanine production, this effect
was statistically significant only with 1 m lactate
after 45 mm (P < 0.01) and 60 mm P <0.001).
A second group of experiments was designed to
determine whether albumin or some substance
known to be bound to commercial albumin (namely,
fatty acids) was responsible for the effects observed
on the metabolism of lactate by the tubules, when
dialyzed albumin was present. In this group, lactate
(1 mr't, N = 5; 5 mt, N = 8) was the substrate used;
and in each experiment, tubules were incubated un-
der four experimental conditions: in the absence of
albumin; in the presence of albumin; in the presence
of "defatted" albumin, and in the presence of
oleate. Fig. 2 shows the results obtained in the pres-
ence of "defatted" albumin and oleate. Addition of
"defatted" albumin to the incubation medium did
not affect the results observed in the absence of al-
bumin, except that alanine production was stimulat-
ed. Results obtained in the presence of oleate were
not different with those observed in the presence of
albumin; but addition of oleate failed to produce a
further increase in alanine production except after
60 mm with 1 mr.i lactate. In the absence of sub-
strate (not shown), tubules at least partially utilized
alanine which had been released at the start of in-
cubation. No net formation of citrate, alpha-keto-
glutarate, malate, fumarate, aspartate, and gluta-
mate was observed with lactate as substrate.
Fig. 2 also shows that the metabolic fate of lactate
in the tubules was different at 15, 30, 45, and 60 mm.
It is clear that the transformation of I or 5 in lac-
tate into glucose remained roughly constant with
time, whereas the percentile contribution of 1 and 5
ifiM lactate to the formation of pyruvate and alanine
declined with time. By contrast, the percentage of
the lactate "unaccounted for" increased with time.
Addition of oleate to the medium caused an in-
crease in the percentile contribution of lactate to
glucose, pyruvate, and alanine, and it led to a
marked decrease in the lactate 'unaccounted for."
With I m lactate, the sum of the products mea-
sured was 15% higher than the lactate uptake was
after 15 mm in the presence of oleate. (This is prob-
ably the result of product formation from endoge-
nous tissue substrate, since, in the absence of lac-
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tate, endogenous glucose production was stimulat-
ed by oleate.)
In a third group of experiments, tubules were in-
cubated with 1 mivi (N = 7) and 5 mivi (N = 5) pyru-
vate as substrate under the four conditions de-
scribed above. Again, the data obtained in the ab-
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Fig. 1. The time-course of L-lactate metabolism in isolated dog kidney cortex tubules. Incubations occurred in Krebs-Henseleit medium
with i-lactate as substrate. The concentration of L-lactate was I mii in the absence(s) and in the presence (o) of2.5% albumin, and was 5
m in the absence (U) and the presence (o) of2.5% albumin. Each value represents the mean of five experiments (for 1 m i-lactate) or
four experiments (in the case of 5 mi L1actate). Vertical lines represent SEM.
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perimental conditions. Addition of albumin signifi-
cantly increased alanine production only with 1mM
pyruvate after 30 and 60 mm. When "defatted" al-
bumin was present in the incubation medium, ala-
nine production was surprisingly similar to that ob-
served with albumin. Addition of oleate to the in-
cubation medium led to a further and significant
increase in alanine formation only after 60 mm with
5 mM pyruvate. Again, no net formation of malate,
citrate, alpha-ketoglutarate, fumarate, glutamate,
and aspartate were observed.
Fig. 3 also provides information on the fate of
pyruvate in the tubules. Pyruvate contribution to
glucose was more than 20% only after 60 mm with I
mM pyruvate in the presence of oleate. At both
pyruvate concentrations, pyruvate contributed
about 30% to lactate formation after 60 mm in the
presence of oleate. The percentage of pyruvate uti-
lization which could be explained by alanine forma-
tion decreased with time and was less than 20% un-
sence of albumin or in the presence of "defatted"
albumin were identical, and they differed from
those observed when tubules were incubated with
albumin or oleate. Fig. 3 shows the results obtained
in the presence of defatted albumin and oleate. Un-
der all conditions, pyruvate uptake was linear with
time, and it was higher with 5 mtvt than it was with 1
mM pyruvate. Addition of oleate caused a signifi-
cant inhibition of pyruvate uptake. Under all condi-
tions, glucose production rate remained constant
over a 60-mm period. Glucose production from
pyruvate was about one half that observed with lac-
tate at identical concentrations and in similar condi-
tions. Addition of oleate enhanced glucose produc-
tion with 1 mi, but not 5 mM, pyruvate. Lactate
production was roughly linear with time, except
with 1 mi pyruvate after 30 mm of incubation. The
presence of oleate led to a marked and significant
increase in lactate production. In the presence of
"defatted" albumin, lactate production was about
two times greater with 5 mi pyruvate than it was
with 1 mi pyruvate. The rate of alanine production
decreased after 15 mm of incubation under all ex-
Incubation time, mm
Fig. 3. Metabolism of! mM (N = 7) and 5 mat (N = 5)pyruvafe
in the presence of 2.5% defatted" albumin and 0.5 mat oleate.
Values are means. They are expressed in micromoles per gram of
dry wt of tubules per time.
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Incubation time, mm
Fig. 2. Metabolism of 1 mat (N = 5) and 5 mM (N = 8) L-lactate
in the presence of 2.5% "defaned" albumin and 0.5 mM oleate.
Values are means. They are expressed in micromoles per gram of
dry wt of tubules per time.
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der almost all conditions after 60 mm. In the pres-
ence of "defatted albumin," one half of pyruvate
utilization was unaccounted for by the products
measured with either 1 or 5 ifiM pyruvate. Addition
of oleate to the medium markedly decreased the
percentage of the pyruvate "unaccounted for."
Discussion
The present study demonstrates that isolated ren-
al cortex tubules from normal dogs utilized both lac-
tate (1 and 5 mM) and pyruvate (1 and 5 mM) in a
linear manner for at least 60 mm. In our in vitro
experiments, as well as in in vivo experiments [1,
2], the utilization of lactate and pyruvate increased
as a function of the extracellular concentration.
When calculated on a wet weight basis, our results
showed that isolated dog renal tubules utilized sev-
eral times more lactate than did dog renal cortex
slices incubated with identical concentrations of
lactate [5]. Values of in vitro utilization of pyruvate
by dog kidney tissue were not previously available.
Gluconeogenesis from both lactate and pyruvate
were also linear with time. On a wet weight basis, it
can be calculated from our data that, in the pres-
ence of I and 5 m lactate, isolated dog renal tu-
bules synthesized three times more glucose than
has been observed for dog renal slices (unpublished
observations). Isolated tubules synthesized as
much glucose from 1 mi lactate as has been cited
for dog renal slices from 10 m lactate [6]. Nagata
and Rasmussen [8] have reported similar type of re-
sults for rat renal tubules and cortex slices. This
phenomenon can be explained by the greater con-
tact surface between cells and medium in tubules
than in slices.
Although pyruvate was utilized as rapidly as lac-
tate was in the present study, it is interesting to note
that gluconeogenesis from I and 5 m lactate was
nearly twice that observed for pyruvate substrate at
identical concentrations. This might be due to dif-
ferences in the metabolism of lactate and pyruvate.
These differences are illustrated in Fig. 4a. Accord-
ing to current concepts, lactate is converted into
pyruvate in the cytosol by a reaction which is cata-
lyzed by lactate dehydrogenase (Fig. 4). Pyruvate is
then transported into the mitochondria, where it is
either transformed into oxaloacetate by pyruvate
carboxylase or converted into acetyl-CoA by pyru-
vate dehydrogenase. The next step in the gluconeo-
genic sequence is the transformation of oxaloace-
tate into phosphoenolpyruvate (PEP) by phosphoe-
nolpyruvate-carboxykinase (PEP-CK). In the rat
kidney cortex, this enzyme is located almost exclu-
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sively in the cytosol [221. At physiologic oxaloace-
tate concentrations, mitochondrial membrane is im-
permeable to oxaloacetate [23]. To overcome this
barrier, aspartate is formed from oxaloacetate by
mitochondrial glutamate-oxaloacetate transami-
nase, and then it is transported into the cytosol,
where it is reconverted into oxaloacetate by cyto-
solic glutamate-oxaloacetate transaminase [24].
Thus, with lactate as substrate, carbon skeletons
for gluconeogenesis are transported from the mito-
chondria to the cytosol in the form of aspartate. The
reducing equivalents (NADH) necessary for the for-
mation of phosphoglyceraldehyde in the triosephos-
phate dehydrogenase reaction are provided by the
oxidation of lactate into pyruvate (Fig. 4a). Reducing
equivalents which are not used for glucose syn-
thesis must be oxidized in the mitochondria. Since
CYTOSOL MITOCHONDRIA
PYR __. ACETYLCoA
j NAD NADH
OAAI MAL
PEP
ASP
I
PYR — ACETYLC0A
I
OAA
Ic
NADH
NAD
MAL
Fig. 4. (a) Pathways of lactate metabolism, and malate-aspartate
shuttle in kidney cortex. (b) Pathways of pyruvate metabolism in
kidney cortex. Arrows represent net fluxes, not equilibria. Dotted
arrows (-- - PEP ----#) denote the proposed pathway in dog kid-
ney cortex. Abbreviations are ASP, aspartate; LAC, lactate;
MAL, malate; OAA, oxaloacetate; PEP, phosphoenolpyruvate;
PYR, pyruvate.
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mitochondrial membrane is impermeable to NADH
[25], these reducing equivalents formed in the cyto-
so! are indirectly transported into the mitochondria
by the malate-aspartate shuttle as described by
Borst [26] (Fig. 4a).
When pyruvate is the gluconeogenic precursor,
reducing equivalents necessary for phosphoglyc-
eraldehyde synthesis are generated in the mito-
chondria and transported to the cytosol in the
form of malate, which also provides carbon skele-
tons [24, 27, 28] (Fig. 4b). In the cytosol, malate
is converted into oxaloacetate by cytosolic malate
dehydrogenase, and oxaloacetate is then trans-
formed into PEP by cytosolic PEP-CK.
In dog renal cortex, PEP-CK activity is located to
a greater extent [221, and possibly predominantly
[291, in the mitochondria. Cytoplasmic dog renal
PEP-CK has been shown to be involved in gluco-
neogenesis from lactate (unpublished observa-
tions), in experiments in which glucose synthe-
sis was inhibited by amino-oxyacetate, a strong
inhibitor of glutamate-oxaloacetate transaminase
[30j. It is, however, conceivable that transport of
intramitochondrially formed PEP to the cytosol
contributes to the supply of carbon skeletons neces-
sary for gluconeogenesis. More precisely, since
stoichiometric amounts of carbon skeletons and re-
ducing equivalents are necessary in the cytosol for
gluconeogenesis, it is likely that the contribution of
intramitochondrially formed PEP to glucose syn-
thesis may occur mainly (if not exclusively) when
lactate, but not pyruvate, is the substrate (Fig. 4a).
(Cytosolic reducing equivalents are available as a
result of lactate oxidation to pyruvate.) Mitochon-
drially formed PEP has also been thought to be in-
volved in guinea pig liver gluconeogenesis [31]. This
organ contains both cytosolic and mitochondrial
PEP-CK L32].
Differences in the rates of transport of malate or
aspartate and PEP from the mitochondria to the
cytosol might explain why, in the present study, tu-
bules synthesized more glucose from lactate than
from pyruvate. Greater gluconeogenesis from lac-
tate than from pyruvate may also be due to a limited
availability of cytosolic-reducing equivalents when
pyruvate is the gluconeogenic precursor [33].
That pyruvate levels, with lactate as substrate,
decreased progressively following an initial rise
may have been due to adjustment of pyruvate con-
centration to near-equilibrium concentration, ac-
cording to the following equation: [Pyruvate] = K X
[Lactate] x ENAD1/ENADH], where K is the equi-
librium constant and [NAD] and [NADHI are the
cytoplasmic concentrations of free pyridine nude-
otides [34].
Lactate formation from 5 mrvi pyruvate was linear
with time. As proposed by Ross, Hems, and Krebs
[35], this implies the presence of a constant supply
(over a 60-mm period) of reducing equivalents in the
cytosol. The lack of linearity of lactate production
from 1 mrt pyruvate after 30 mm appears to be due
to a low level of pyruvate in the medium and the
tubules after 30 mm of incubation rather than to an
inadequate transport of reducing equivalents from
the mitochondria to the cytosol.
That alanine was synthesized by transamination
of pyruvate when lactate and pyruvate were the
substrates is evident since, in the absence of sub-
strate, there was no synthesis of alanine, but rather
utilization of alanine which had been released into
the medium at the start of incubation. This view is
supported further in that alanine formation in-
creased with increasing concentrations of lactate
and pyruvate.
Our results also showed that the addition of albu-
min to the incubation medium greatly modified the
metabolism of lactate and pyruvate. Inhibition of
lactate and pyruvate uptake was accompanied by an
increase in pyruvate and lactate release. Glucose
formation from lactate and pyruvate increased with
1 ifiM of substrate, but not with 5 mrvi. In contrast,
these changes in lactate and pyruvate metabolism
were not observed following addition of "defatted"
albumin. The above observations strongly suggest
that contaminating fatty acids are responsible for
the observed effects after the addition of albumin.
In the same way, the addition of 0.5 mrvi oleate to
the incubation medium produced similar metabolic
changes. Thus, our results imply that fatty acids,
which are physiologic substrates of dog kidney [36],
may play a regulatory role in dog renal metabolism
of lactate and pyruvate. For this reason, our results
stress the need for caution in using albumin as a
component of incubation media for metabolic stud-
ies. Similar effects of fatty acids have been reported
and explained for rat, rabbit, and sheep kidney [37—
39].
The failure of fatty acids to stimulate gluconeo-
genesis with 5 m lactate and pyruvate was not re-
lated to the low concentration of oleate used, since
increasing this concentration to 2 mri further de-
creased 5 mi pyruvate uptake but did not increase
glucose production above the level observed in the
presence of 0.5 or 0.25 ms'i oleate (N = 2, not
shown). This might be due to pyruvate carboxylase
activity having been already maximum before the
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addition of fatty acids. Our data show, however,
that with 5 mi pyruvate as substrate, the rate-limit-
ing step of gluconeogenesis lies beyond cytoplasmic
malate dehydrogenase (fatty acids stimulated lac-
tate formation, indicating that transport out of the
mitochondria of reducing equivalents in the form of
malate was increased). The rate-limiting step of
gluconeogenesis might, therefore, be the activity of
cytoplasmic PEP-CK or of some enzyme higher up
in the pathway.
Increased pyruvate formation from lactate in the
presence of fatty acids is believed to result from ad-
justment of pyruvate concentration to increased
lactate concentration, the latter resulting from fatty
acid inhibition of lactate uptake.
Stimulation of alanine formation by fatty acids,
which was sometimes observed, probably resulted
from increased concentration and transamination of
pyruvate. Increased alanine production in the pres-
ence of "defatted" albumin suggests that some fac-
tor (other than fatty acids) bound to albumin may
have stimulated alanine formation.
The data concerning the metabolic fate of lactate
and pyruvate (Figs. 2 and 3) indicate that the rela-
tive contribution of the different pathways to lactate
and pyruvate utilization was different after 15, 30,
45, and 60 mm. After 60 mm, and in the absence of
fatty acids, about 50% of lactate and pyruvate up-
take was unaccounted for by the products mea-
sured. Using dog renal cortex slices, Pashley and
Cohen [51 have found that 50% of the lactate used
was converted to carbon dioxide. Incubating tu-
bules with 1 and 5 mri 1-'4C-pyruvate (New Eng-
land Nuclear Corp., Boston, Mass., U.S.A.), and
measuring the liberation of 14C02, which gives an
estimation of the flux of pyruvate through pyruvate
dehydrogenase [40], we found that, after 60 mm,
45% of 5 mr'i pyruvate uptake and 50% of 1 mM
pyruvate uptake were metabolized through pyru-
vate dehydrogenase (N = 3, not shown); these val-
ues are in good agreement with those for the "unac-
counted for" pyruvate in the present study. For this
reason, and since we did not observe any accumula-
tion of citric acid cycle intermediates or glutamate,
it is therefore likely that the "unaccounted for"
pyruvate (and probably lactate) was completely
converted to carbon dioxide.
Finally, note that alanine, which is normally pro-
duced by dog kidney in vivo [41], may account for
one fifth of isolated tubule lactate and pyruvate uti-
lization (Figs. 2 and 3).
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